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Landsat ETM+Abstract This paper uses Normalized Difference Water Index (NDWI) of McFeeters (1996),
Water Index (WI) introduced by Rogers and Kearney (2004), referred to as Red and Short
Wave Infra-Red (RSWIR) and WI suggested as the best by Ji et al. (2009), referred to as Green
and Short Wave Infra-Red (GSWIR) for delineating and mapping of surface water using
MODIS (Terra) near real time images during 2012 ﬂoods in Pakistan. The results from above
indices have been compared with Landsat ETM+ classiﬁed images aiming to assess the accuracy
of the indices. Accuracy assessment has been performed using spatial statistical techniques and
found NDWI, RSWIR and GSWIR with kappa coefﬁcient (j) of 46.66%, 70.80% and 60.61%
respectively. It has been observed using statistical analysis and visual interpretation (expert knowl-
edge gained by past experience) that the NDWI and GSWIR have tendencies to underestimate and
overestimate respectively the inundated area. Keeping in view the above facts, RSWIR has proved
to be the best of the three indices. In addition, assessment of the damages has been carried out
considering accumulated ﬂood extent obtained from RSWIR. The information derived proved to
be essential and valuable for disaster management plan and rehabilitation.
 2015 National Authority for Remote Sensing and Space Sciences. Production and hosting by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).1. Introduction
Pakistan is a ﬂood-prone country with a history of widespread
and repeated ﬂooding that causes loss of lives, substantial
damage to property, infrastructure, loss of agricultural crops
and land (Sardar et al., 2008). It has two dominant types of
ﬂoods i.e. riverine and ﬂash. The riverine ﬂood, mainlyoriginating from glacier melt as well as extreme weather events,
is predictable which in result allows sufﬁcient time to react
whereas the converse is true for ﬂash ﬂoods. Flash ﬂoods,
originating from extreme weather events, have relatively less
duration but intensity and impacts are severe. These ﬂoods
normally occur during the South Asian monsoon period
between July and September.
The country has been continuously experiencing major
ﬂoods since 2001. The major ﬂood in 2010 inundated an area
of 70,238 km2 and affected around 884,715 homes (Haq,
2010). In 2011, another major ﬂood caused an inundation of
100 A.A. Memon et al.21,200 km2, affected 5.88 million people, 1500 km of road net-
work, 382 km of railway tracks, 498 km2 of forests and
16,440 km2 of agricultural land (Haq et al., 2012). In this year,
moderate scale rains have been observed, starting from August
and intensiﬁed in September, resulting in huge economic
losses, destruction of ecological sources, food shortage and
starvation of thousands of people. During the ﬁrst half of
September, widespread rains were experienced throughout
the country, which severely affected the areas of Punjab,
Sindh and Balochistan provinces. During 06–11 September,
Jacobabad, Larkana, Sukkur, Thatta and Tharparkar in
Sindh received heavy rains resulting in ﬂood. In addition, rains
in Balochistan not only brought disaster in Balochistan but
also the districts of Sindh received devastating ﬂash ﬂoods
due to hill torrents in the Suleman range. In Punjab, Rahim
Yar Khan, Sahiwal, Okara, Jehlum, Mandi Bahaudin, DG
Khan and Rajanpur experienced extensive and continuous
downpour from 08 to 12 September. The available daily rain-
fall data of 8 districts for the months of August and September
are given in Table 1(a) and (b).
Estimation of Land surface water (area), which includes
rivers, lakes, wetlands and ﬂood inundated areas, plays an
important role in the evaluation of the water cycle. With global
climate change and the growing inﬂuence of human activities,
river changes (Xu, 2004; Xia and Zhang, 2008), shrinkage of
wetlands, glacier melting (Chen et al., 2007), ﬂooding, and
other spatial and temporal distribution changes in surface
water resources are increasingly highlighted. A variety of stud-
ies have been focused on impact assessment to ﬂood disaster
on different groups of people and communities (e.g.,
Schmuck-Widmann, 1996; Rashid, 2000; Rasid and Haider,
2003) and found the poor people to be hardest hit (IPPC,
2001).
Modern techniques of remote sensing provide tremendous
potential for monitoring and managing dynamic changes in
large surface water bodies; extracting hydrological parameters,
and modeling the water balance (El Bastawesy, 2015;
El-Gamily et al., 2010). McFeeters (1996) proposed the
Normalized Difference Water Index (NDWI) using Near
Infrared (NIR) and green channels of Landsat that can delin-
eate and enhance open water features. Xu (2006) modiﬁed the
NDWI proposed by McFeeters (1996) by substituting the mid-
dle infrared band for NIR band. The NDWI deﬁned as (reﬂ
(0.86 lm)  reﬂ (1.24 lm))/(reﬂ (0.86 lm) + reﬂ (1.24 lm)),
was introduced by Gao (1996) for extracting vegetation liquid
water. Rogers and Kearney (2004) introduced NDWI using
red and Short Wave Infra-Red (SWIR) channels of Landsat
TM. Xiao et al. (2005) deﬁned a Land Surface Water Index
(LSWI) using NIR and SWIR bands of MODIS. Ouma and
Tateishi (2006) proposed a new Water Index (WI) for shoreline
edge extraction using a logical combination of Tasseled Cap
Wetness (TCW) index and NDWI using Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper Plus
(ETM+) data. Wu et al. (2008) introduced a new combinated
method for extraction of water body information using
ETM+. The method is based on combining the spectral
relationship between different bands with the TCW index
and removing other objects from the mask image using maxi-
mum likelihood classiﬁcation methods. Li and Zhou (2009)
presented a method for Mountain area Enhanced Water-body
Identiﬁcation (MEWI) through the Normalized Difference
Vegetation Index (NDVI) and red band of MODIS. Ji et al.(2009) used spectral data to simulate the satellite sensors data
and calculated the simulated NDWI in various forms and con-
cluded that the calculated NDWI from (Green  SWIR)/
(Green + SWIR), where the SWIR is a region from 1.2 to
1.8 lm, has the most stable threshold. Ling et al. (2010) used
the Combined Index of NDVI and NIR for Water Body
Identiﬁcation (CIWI) aiming to extract coastal wetlands water
information using Landsat TM images. Lu et al. (2011) pro-
posed an integrated water body mapping method through
combination of difference between NDVI and NDWI
(NDVI–NDWI) with slope and NIR band using HJ-1A/B
satellite images.
In this paper, we have selected three water indices
proposed by McFeeters (1996), Rogers and Kearney (2004)
and Ji et al. (2009). The methods selected in this study are
due to their generality in delineating and enhancing surface
water features. The high temporal resolution of MODIS
images used in this study played a major role in monitoring
the 2012 ﬂoods in Pakistan. The paper recommends the best
of the three mentioned indices for mapping ﬂood inundated
areas and to assess the damage caused by the 2012 ﬂoods in
the country.
2. Study area
The study area includes 20 adjacent districts of the
Baluchistan, Khyber Pakhtunkhwa, Punjab and Sindh
provinces of Pakistan ranging from 265013.900 to 331302.2100
in latitude and 676052.6800 to 720015.8600 in longitude
(Fig. 1). On average the mountainous area of the study area
receives 200–960 mm rain annually and rest of the area, which
is mostly plain, receives 180–460 mm rain annually.
3. Methodology
Five images of MODIS onboard the TERRA satellite acquired
in 0.5 km resolution through NASA’s website ‘‘http://
rapidﬁre.sci.gsfc.nasa.gov/realtime/’’, have been used as a
main input to map ﬂood inundated areas. Images have been
geo-referenced using the header ﬁle allied with the data. The
study area has been extracted from the images using District
administrative boundaries. Cloud shadow was frequently
identiﬁed as water, by most water indices. So careful removal
of cloud shadow using visual interpretation has been
carried out. Cloud masking has been performed using NIR
(band 2 of MODIS) by clipping the image that has reﬂectance
above 0.7 as the spectral reﬂectance of cloud is greater than 0.7
in NIR region.
Flood mapping has been carried out using NDWI, RSWIR
and GSWIR as shown in Eqs. 1–3 respectively by setting the
threshold from 0 to 1. Two images of Landsat ETM+, having
path 152, row 041, of September 17, 2012 and October 03,
2012, have been acquired for accuracy assessment of the results
obtained through mentioned indices. A standard supervised
maximum likelihood classiﬁcation of Landsat ETM+ images
has been performed. Validation of the classiﬁcation has been
performed by visual interpretation of Landsat ETM+ images
using false color 543 composite. Contingency matrix and its
allied statistics (i.e. overall accuracy, producer’s accuracy,
user’s accuracy and kappa coefﬁcient (j)), reported at
Congalton (1991), have been performed for accuracy
Table 1 (a) Daily rainfall (mm) data for the month of August 2012 (b) Daily rainfall (mm) data for the month of September 2012.
Districts 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
(a)
Dera Ismail Khan 0 0 0 0 49 0 0 0 0 0 16 0 0 0 0 1 0 0 0 0 0 0 0 0 0 5 63 0 0 0 0
Bhakkar 0 0 0 0 21 0 0 0 0 0 22 0 0 0 0 0 0 0 0 0 0 0 16 0 0 2 0 0 5 0 0
Dera Ghazi Khan 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 1 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0
Rahim Yar Khan 0 0 0 0 0 0 14 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Dadu 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jacobabad 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Larkana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sukkur 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0
(b)
Districts 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Dera Ismail Khan 0 0 0 49 17 0 0 0 13 8 0 0 0 0 0 0 0 34 0 0 0 0 0 0 0 0 0 0 0 0
Bhakkar 0 0 0 0 56 0 3 0 15 20 0 0 0 0 0 7 54 0 0 0 0 0 0 0 0 0 0 0 0 0
Dera Ghazi Khan 0 0 0 1 8 2 0 5 35 76 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Rahim Yar Khan 0 0 0 0 0 9 0 6 102 32 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Dadu 0 0 0 0 0 0 82 0 2 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jacobabad 0 0 0 0 0 0 24 0 9 – 143 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Larkana 0 0 0 0 0 1 42 10 47 58 58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sukkur 0 0 0 0 0 0 1 1 4 164 36 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
‘–’ data not available.
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Figure 2 Inundated areas obtained through mentioned indices on different dates.
Table 2 Accuracy assessment of NDWI using error matrix.
Values show the area in km2.
NDWI results Landsat ETM+ Total
Water Others
MODIS
Water 390 80 470
Others 185 331 516
Total 575 411 986
Table 3 Accuracy assessment of RSWIR using error matrix.
Values show the area in km2.
RSWIR results Landsat ETM+ Total
Water Others
MODIS
Water 505 75 580
Others 65 341 406
Total 570 416 986
Figure 1 Location of study area.
102 A.A. Memon et al.assessment. After analyzing the best Water Index resulting
ﬂood water class, obtained from the corresponding index,
has been converted into a shapeﬁle and used as an input to
assess damage for various land use/land cover categories.NDWI ¼ GREENNIR
GREENþNIR ð1Þ
RSWIR ¼ RED SWIR
REDþ SWIR ð2Þ
Table 4 Accuracy assessment of GSWIR using error matrix.
Values show the area in km2.
GSWIR results Landsat ETM+ Total
Water Others
MODIS
Water 510 115 625
Others 70 291 361
Total 580 406 986
Figure 3 Results of statistica
Figure 4 Extent of cumulative damage
Flood monitoring and damage assessment using water indices 103GSWIR ¼ GREEN SWIR
GREENþ SWIR ð3Þ4. Results and discussions
In order to evaluate the performance of the mentioned indices
we have compared them with classiﬁed images of Landsat
ETM+ through statistical techniques mentioned before.l analysis of error matrix.
assessment on September 17, 2013.
104 A.A. Memon et al.Also visual interpretation, using expert knowledge, of MODIS
images with 721 composite has been performed for the pur-
pose. In order to preserve normalization for better comparison
we have set the threshold from 0 to 1 while applying water
indices to MODIS images. It has been observed that varying
the threshold to the best values could impact the efﬁciency
of the individual method, also reported by McFeeters (1996),
Xu (2006), Ouma and Tateishi (2006) and Wu et al. (2008),
but gives relatively same accuracy. This might be due to poor
atmospheric correction of images. Note that the Earth
Observing System Data and Information System (EOSDIS)
provides MODIS images that are atmospherically corrected
but due to diurnal variations in atmospheric parameters it
would not be possible to purely normalize the images by
atmospheric correction.
Fig. 2 shows inundated areas obtained on different dates
through mentioned water indices. It reveals that the variations
in inundated areas follow similar trends for RSWIR and
GSWIR while the converse is true for NDWI. This suggests
that the NDWI maps roughly the inundated area. It also
shows that NDWI underestimates the inundated area. The val-
idation shown as error matrices (Tables 2–4), is obtained
through MODIS and Landsat ETM+ images of 17
September 2012 and 03 October 2012. The rasters obtained
from the mentioned indices applied on MODIS images and
classiﬁcation on Landsat ETM+ were converted to vector
ﬁles. The vector ﬁles were then intersected to get the results
as shown in Tables 2–4. Rows in these tables show the inun-
dated area derived from MODIS while the columns represent
the inundated area derived from Landsat ETM+ images.
The row total shows water and other land use/land cover area
in square kilometers derived from MODIS, similarly forTable 5 Detailed statistics of ﬂood affected land use/land cover ca
Province District Accumulated
inundated area
(km2)
Villa
aﬀec
(Cou
BALOCHISTAN BOLAN 736.24 39.0
BALOCHISTAN JAFARABAD 1144.69 214.
BALOCHISTAN JHAL MAGSI 581.29 24.0
BALOCHISTAN LORALAI 53.97 2.00
BALOCHISTAN NASIRABAD 725.46 35.0
KHYBER
PAKHTUNKHWA
D I KHAN 328.65 27.0
PUNJAB BHAKKAR 27.34 7.00
PUNJAB DERA GHAZI
KHAN
527.11 78.0
PUNJAB Layyah 201.93 57.0
PUNJAB MUZAFFARGARH 821.33 197.
PUNJAB RAHIM YAR
KHAN
500.24 108.
PUNJAB RAJANPUR 1038.30 213.
SINDH DADU 413.98 102.
SINDH GHOTKI 494.56 148.
SINDH JACOBABAD 1557.67 573.
SINDH KASHMORE 1185.42 291.
SINDH LARKANA 250.32 75.0
SINDH QAMBAR
SHADAD KOT
1390.14 332.
SINDH SHIKARPUR 682.92 184.
SINDH SUKKUR 495.80 107.Landsat ETM+ via column. Each cell value shows the agree-
ment/disagreement of MODIS with Landsat ETM+ results.
Tables 2–4 and Fig. 3 show underestimation of 18.26% for
NDWI and overestimation of 1.75% and 7.76% for RSWIR
and GSWIR respectively, while j (it is a measure of overall
agreement of a matrix) for NDWI, RSWIR and GSWIR is
measured to be 46.66%, 70.80% and 60.61% respectively.
Overall accuracy, producer’s accuracy (it is a measure of
how well a certain area is classiﬁed), user’s accuracy (it is a
measure of how much the results, obtained through producer’s
accuracy, are reliable) and kappa coefﬁcient of NDWI,
RSWIR and GSWIR for water and other land use/cover
(Fig. 3) clearly depict in detail that RSWIR is relatively more
accurate in delineating water bodies.
The vegetation has relatively high reﬂectance in NIR
region, so the NDWI could not take water under vegetation
into account and ultimately underestimate the inundated area.
Most of the study area is vegetated, that is why NDWI has sig-
niﬁcantly underestimated the inundated area. Vegetation has
reﬂectance of around 17%, 10% and 20% for green, red and
SWIR regions respectively of electromagnetic spectrum. The
difference in reﬂectance between green and SWIR is very small
that could vanish in chaotic atmospheric conditions during
ﬂoods and make GSWIR to take vegetation into account (as
mentioned above) which results in overestimation in the
inundated area. This could not be the case for RSWIR because
red and SWIR have large differences regarding reﬂectance.
4.1. Damage assessment
One of the most important applications of water indices in
Pakistan is the mapping and monitoring of ﬂood events.tegories based on MODIS data.
ges
ted
nt)
Aﬀected
railway
(km)
Aﬀected
roads (km)
Aﬀected
agriculture
(km2)
Forest
aﬀected
(km2)
0 2.26 64.07 0.00 0.00
00 11.07 332.14 295.64 0.00
0 0.00 39.69 62.09 0.00
0.00 0.00 0.00 0.00
0 7.58 61.60 330.26 29.42
0 0.00 19.20 5.27 0.00
0.00 0.00 20.07 0.00
0 0.00 29.51 18.88 35.04
0 0.00 0.00 20.15 0.00
00 0.00 11.91 104.46 134.24
00 0.00 10.41 165.68 38.83
00 37.44 160.14 200.44 93.02
00 2.01 95.31 115.03 9.04
00 4.22 74.07 160.09 123.92
00 12.63 377.43 294.87 0.00
00 4.26 90.24 350.99 192.94
0 3.03 26.74 43.69 70.08
00 0.00 172.12 304.16 0.00
00 11.50 119.34 220.45 46.82
00 13.24 37.89 234.05 141.16
Flood monitoring and damage assessment using water indices 105During ﬂood events, policy makers and disaster management
authorities require rapid identiﬁcation and extent of ﬂooding
at a reasonable scale aiming at minimizing damage and
vulnerability. The accumulated ﬂood extent (Fig. 4) of
13,157 km2 has been observed on September 17, 2012 with
severe rainfall recorded from 06 to 11 September. It has been
observed that inundation in the low lying areas in upper
Sindh is greater than other provinces despite the low amount
of rainfall measurements. This is due to ﬂash ﬂoods in
the catchment areas of Baluchistan province that ﬂows
into Sindh province causing inundation in Jacobabad,
Shahdadkot, Kashmore and Ghotki districts. Damages
assessed include agriculture, villages, roads, forest and railway
in order of severity from high to moderate. All the provinces
were affected by ﬂoods but assessed damages and losses in
Sindh were relatively severe followed by Baluchistan, Punjab
and Khyber Pukhtoonkhwa. Table 5 shows the accumulated
inundated areas with damage assessment of land cover/land
use in various districts.5. Conclusion
Due to high temporal resolution of MODIS it is used widely to
map ﬂood events. But its low spatial resolution questions on
accuracy of delineating ﬂood extent. In this regard, one of
the aims of the study is to check the accuracy of MODIS data
with respect to LANDSAT in mapping ﬂood events in the
country without taking the difference in spatial resolution into
account. It is estimated that the MODIS data could help to
map the inundated area with an accuracy of 73–81% depend-
ing on the mentioned indices used. Further, the comparative
analysis of NDWI, RSWIR and GSWIR using spatial sta-
tistical techniques and visual interpretation suggests RSWIR
to be more efﬁcient for delineating water bodies during ﬂoods.
Visual interpretation using past experience provides qualitative
results and statistical analysis presents quantitatively. The
ﬂood was caused by heavy monsoon rains mostly in the
Eastern part of Baluchistan and ﬂowed toward upper Sindh
province during early September 2012. It inundated 22 districts
of Pakistan with maximum cumulative extent of 13,157 km2.
The study also provides detailed information about the
affected land use/land cover in the country as mentioned in
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